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ABSTRACT

Very-long-baseline interferometry (VLBI) is used for establishing global
geodetic networks where the coordinates attain a 1-mm level of precision.
Technique-dependent bias can degrade the VLBI positioning accuracy if it
is present and unaccounted for. Among the potential bias, gravitational
flexure of VLBI telescopes can vary the path traveled by the incoming radio
signal and induce a bias in the height component of the station position. We
process here more than 100 European VLBI sessions spanning 1990-2009
with VLBI time delay/Solve software, as the only VLBI analysis package
that can be used to correct signal-path variation (SPV) due to gravitational
flexure of VLBI telescopes. Currently, SPV models are neglected in VLBI
data analysis. To determine the kinematics of the European area over the
last 20 years and to assess the effects of telescope gravitational deformation
on geodetic VLBI estimates, we perform two VLBI solutions with and
without SPV models for telescopes in Medicina (northern Italy) and Noto
(southern Italy). The two solutions differ by 8.8 mm and 7.2 mm in their
height components, with this bias being one order of magnitude larger than
the formal errors of the estimated heights. SPV models impact uniquely on
the height component of stations where SPVs are modeled. Velocities are
not affected by the use of the Medicina and Noto SPV models, and we show
that the crustal kinematics derived from VLBI does not suffer from a lack

of information with regard to the flexure of other telescopes.

1. Introduction

Since the 1970s, geodetic very-long-baseline interferometry
(VLBI) has been used as a very precise global technique to
investigate different geodetic and geophysical phenomena
[see e.g. Robertson 1991]. In particular, in the late 1970s, the
United States of America National Aeronautics and Space
Administration (NASA) promoted the Crustal Dynamics
Project, where VLBI was used in conjunction with satellite
laser ranging (SLR) to investigate: (i) regional deformation
and strain accumulation related to earthquakes at the western
plate boundary in the USA; (ii) relative plate tectonic motions;
(ili) internal deformation of lithospheric plates away from
plate boundaries; (iv) polar motion and variations in Earth
rotation, and their possible correlation with earthquakes and
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other geophysical phenomena; and (v) crustal motion and
deformation that occurs in regions of high earthquake
activity [Ryan et al. 1993].

The potential of the VLBI technique for addressing
questions in Earth sciences and astrophysics attracted the
interest of the Italian Consiglio Nazionale delle Ricerche
(CNR). In the mid-1970s, the CNR designed and initiated the
Italian VLBI project, with the dual purpose of developing
national radio-astronomical facilities and extending the
international VLBI geodetic network in the Mediterranean
area for local and global geodynamic investigations. The
construction of three identical VLBI radio telescopes in
different parts of Italy was initially planned. However, the
project underwent drastic financial cutbacks, which resulted
in cancellation of the planned radio telescope in Sardinia
[Setti 2006]. The VLBI radio telescopes in Medicina
(northern Italy) and Noto (southern Italy) were built and
completed in the 1980s. They are twin, 32-m, steerable,
azimuth-elevation mount radio telescopes, and they have
dual reflector systems with a Cassegrainian secondary focus
configuration. Geodetic observations are performed at 2.3
GHz and 8.3 GHz, and the corresponding S and X receivers
are located at the primary focus position.

The first geodetic observing session took place in
January 1987 in Medicina [Tomasi et al. 1988], while the Noto
geodetic observations began in June 1989 [Tomasi 1993].
These telescopes are now managed by the Istituto Nazionale
di Astrofisica (INAF) through its department at the Istituto di
Radioastronomia (IRA), which was formerly part of the
CNR. Nowadays, both observatories are international
terrestrial reference frame (ITRF) co-location sites, and they
have a well-established, double co-location between VLBI
and global positioning system (GPS) techniques. The tie
vectors between the space geodetic instruments at both sites
have been surveyed and rigorously estimated several times
[Sarti et al. 2004], and they have served as benchmarks for
the assessment of the reliability of different approaches for
surveying tie vectors in I'TRF computation [Abbondanza et
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al. 2009]. Co-location of geodetic instruments with long-
running observations, along with accurately repeated tie
vectors, boosts the importance of geodetic infrastructures
and their potential in geodetic research.

In 1990, coordinated observing sessions of the European
VLBI network were regularly planned and carried out
(EUROPE-VLBI sessions), with the purpose of investigating
the deformation of the crust and vertical motion rates at a
precision of a one-millimeter-per-year level [see e.g. Tomasi
et al. 1999, Campbell and Nothnagel 2000]. Since 1990, 102
EUROPE-VLBI sessions have been performed regularly, with
their observations correlated in Bonn (Germany).

VLBI collects the signals of extra-galactic radio sources,
which provide the best possible approximation to a quasi-
inertial reference system, this being the best system for the
investigation of Earth motion. Therefore, VLBI observations
can be used to accurately measure and study the long and
short term fluctuations of the orientation of the Earth. As a
consequence, polar motion, UT1 and nutation are regularly
investigated and accurately determined with VLBI, and they
represent official International VLBI Service (IVS) products
that are disseminated by the IVS Analysis Coordinator
[Bockmann et al. 2010b].

VLBI is equally important for the definition and
Indeed,
observations of extra-galactic radio-sources define the
international celestial reference frame (ICRF). The recent
resolution of the International Astronomical Union (IAU)

maintenance of global reference frames.

states that since January 1, 2010, the fundamental astrometric
realization of the International Celestial Reference System
(ICRS) will be the second realization of the International
Celestial Reference Frame (ICRF2). This is as constructed by
the International Earth rotation and Reference system
Service (IERS) and IVS [Schliiter and Behrend 2007] working
group on the ICRE, in conjunction with the IAU Division I
working group on ICRF2 [Fey et al. 2009]. VLBI also has a
key role in the definition of the ITRE, as its frame scale
contributes to the definition of the scale of the global
combined frame [see e.g. Altamimi et al. 2007].

As far as crustal motion is concerned, global navigation
satellite systems (GNSS) represent the most versatile, flexible
and economic tools for monitoring deformation at global,
regional and local scales. Nevertheless, VLBI maintains an
important role in monitoring global tectonic processes, as
well as in determining motion and deformation of the
continental-scale plates that form the Earth crust. EUROPE-
VLBI sessions are an example of this latter application.

2. Antenna near-field effects: height and scale bias

A major limiting factor in the accuracy of space geodetic
techniques is related to systematic errors of a different
nature. In particular, near-field effects impact on the station
position and they are often difficult to identify and mitigate.
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Technique-specific bias thus prevents the highest level of
accuracy in geodetic data processing.

Examples that can affect the position of space geodetic
instruments include range bias for the SLR technique [see
e.g. Coulot et al. 2008], satellite phase center motion in the
Doppler Orbitography and Radioposition Integrated by
Satellite (DORIS) technique [see e.g. Willis et al. 2007], and
near-field effects for GNSS [see e.g. Dilssner et al. 2008].
Specifically, multipaths that originate in the near-field of
GNSS antennas, uncalibrated antennas and uncalibrated
radomes are nowadays an issue for 20% of the permanent
sites of the International GNSS Service (IGS) [Dow et al.
2009] network and particularly problematic at I'TRF co-
location sites [King et al. 2010, Schmid et al. 2010]. These
factors have unpredictable effects on the height component
of the antenna reference point, and they originate problems
in the maintenance of the IGS frame and contribute to the
discrepancies, which stem from the combination of
technique-specific frames.

Analogously, since the very beginning of VLBI
observations, gravitational deformation of the radio
telescope structures was recognized as a potentially
important error source. Gravity-induced deformation
changes the path length of the incoming radio signal in the
near-field of the VLBI antenna as a function of the pointing
elevation. A remarkable example of the effect of
gravitational flexure on VLBI positioning was offered by the
prescient work of Carter et al. [1980]. Comparing results
obtained from ground surveys and VLBI data analysis, they
found a 19-mm difference in the vertical component of the
1.24-km-long Haystack-Westford baseline. Most of this
difference (13 mm) was ascribed to the gravitational flexure
of the 37-m Haystack telescope structure that was found to
vary as the sine of the pointing elevation angle. The
signature of this error aliases indistinguishably into the
estimated VLBI height, thus biasing the relative VLBI
antenna reference-point position. Since Carter et al. [1980],
little additional work was done. Clark and Thomsen [1988]
investigated and set-up the analytical approach to SPV model
computation for primary focus VLBI telescopes. They
carried out a detailed study on the 22-m, X-Y mount
telescope in Fairbanks (Alaska, USA), using a finite element
model (FEM) and a comprehensive geometric approach to
combine the gravitational deformation and define the
elevation-dependent SPV model. In their specific case, the
near-field contribution to the SPV due to gravitational
deformation was found to be negligible within the whole [0°,
90°] elevation range. This evidence turned out to be
misleading, since it was believed to represent the
deformational behavior of a wider range of telescopes [see
e.g. Gendt et al. 2007]. This latter belief held for a couple of
decades after Clark and Thomsen [1988] and discouraged
further effective investigations into gravity-induced near-field
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Figure 1. The European VLBI network currently operating in the framework of EUROPE-VLBI sessions.

SPVs. Only recently has research in this field flourished
again, as the requirement for the greatest level of accuracy of
geodetic products has increased.

2.1. Signal-path variations in VLBI telescopes

Sarti et al. [2009a] determined the SPV due to elevation-
dependent gravitational deformation of the Medicina and
Noto telescopes using a combination of terrestrial surveying
methods. Gravitational flexures of VLBI telescopes depend
on the pointing elevation, e, of the antenna, relative to
which they vary accordingly. They induce a variation AL(e)
in the path traveled by the incoming radio signal in the near-
field of a VLBI telescope. This can be determined either
with a FEM [Clark and Thomsen 1988] or with a
combination of terrestrial methods [Sarti et al. 2009a]. AL(e)
is expressed as a linear combination of three terms: (i) the
variation of the focal length of the paraboloidal primary
reflector, AF(e); (ii) the displacement of the vertex of the
primary reflector along the line of sight, AV(e); and (iii) the
displacement of the feed horn phase center (or the sub-
reflector for secondary focus configuration layout) along the
same direction, 4R(e). This last term is directly related to the
gravitational deformation of the quadrupode legs. The
displacement of the vertex is related to the sag of the optical
system under the effect of gravity. 4F(e) is caused by the
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inward folding of the primary reflector as the pointing
elevation decreases from zenith to horizon [Sarti et al.
2009b]. For radio telescopes with geodetic S/X band
receivers located at the primary focus, the SPV is:

AL () = o, AF(e) + o, AV(e) + oy AR(e). (2.1.1)

When geodetic observations are performed in
secondary focus, the SPV is expressed as [Abbondanza and
Sarti 2010]:

AL" (e) = o, AF(e) + &, AV(e) + 20, AR(e). (2.1.2)

The linear coefficients (o, , a;, ) are the partial derivatives
of the SPV with respect to the focal-length variation and
(a'V, oy Oy a;) are the partial derivatives with respect to the
vertex and receiver (or sub-reflector) displacements,
respectively [Sarti et al. 2009a]. Details of the analytical
derivation of Equations (2.1.1) and (2.1.2) and of the rigorous
computation of the linear coefficients oJ can be found in
Abbondanza and Sarti [2010].

Contrary to the Fairbanks antenna example, the SPV for
the Medicina and Noto 32-m telescopes is almost 1 cm. The

effect of gravity-related SPV on geodetic VLBI data analysis
was recently investigated by Sarti et al. [2010], who focused on
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the differences between the estimated geodetic parameters
obtained with and without SPV models. Using the whole set
of VLBI observations up to December 2009, Sarti et al. [2010]
show that for the Medicina and Noto telescopes, the SPV
corrections are one order of magnitude greater than the VLBI
formal error, and they uniquely bias the height component
of the telescope reference point. Therefore, gravitational
deformation reduces the accuracy of VLBI positioning and
questions the reliability of its frame scale.

Prior to Sarti et al. [2010], no quantitative analysis of the
relationship between telescope gravitational flexure and VLBI
frame scale had been carried out. It is easy to understand how
important the consequences are for the I'TRF computation
when considering how its scale is defined in the combination
of each technique-specific frame [Altamimi et al. 2007,
Altamimi 2010, Angermann et al. 2010].

Sarti et al. [2010] show that SPV models are mandatory
to pursue an utmost level of accuracy. Therefore, SPV
models must be computed for every telescope of the IVS
network, and as they become available, they must be used in
the VLBI data processing.

3. Data processing

In the present study, we considered the whole VLBI
dataset of 102 EUROPE-VLBI sessions that have been
acquired since 1990, and using VLBI time delay/Solve
[Petrov 2008], we performed two different VLBI solutions.
One solution, R, can be regarded as routine processing
according to the IVS standards and it does not introduce any
information about telescope gravitational flexure. The other
solution, G, applies the same set of models and parameters,
except for the SPV models for the Medicina and Noto
telescopes. In the next section, we discuss the differences
between the solutions R and G, and we provide an updated
sketch of the velocity field in the European area, as derived
using the VLBI technique. The European geodetic VLBI
network now comprises a total of 14 sites (Figure 1).
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Figure 2. Participation of the VLBI stations in EUROPE-VLBI sessions.
Black dots, sessions in which the VLBI stations participated.

16

The early 1990s sessions also involved mobile VLBI
equipment in Karlsburg (Germany) and Toulouse (France),
as well as the additional mobile telescope of TIGO in
Wettzell (Germany), which has been moved and is now
operating in Concepcion (Chile) as TIGOCONC. In Yebes
(Spain), a brand new 40-m, azimuth-elevation radio telescope
replaced the smaller and older 14-m antenna in 2008. Finally,
the DSS65 radio telescope in Madrid (Spain) was moved in
2005 to a nearby location, and adopted the new code
DSS65A. For both of the Spanish telescopes, the velocities of
the new antennas are constrained to be equal to those of the
former ones. EUROPE-VLBI sessions have been regularly
carried out over two decades, with the coordinated effort of
the radio astronomical European facilities. The most
important VLBI stations and their participation in the
EUROPE-VLBI sessions are shown in Figure 2.

The 102 24-hour VLBI European sessions were reduced
with analysis software VLBI time delay/Solve [Petrov 2008],
a modern extension of the popular CALC/SOLVE package
that was developed at NASA in the 1970s. A detailed
description of a reduction model, parameterization and
constraints that are applied in geodetic VLBI data analysis
can be found in Petrov et al. [2009]. We estimated mean site
positions, linear velocities, harmonic site position variations,
zenith path delay in the neutral atmosphere, atmospheric
gradients, and station clock function represented with a B-
spline. Source coordinates and Earth orientation parameters
were not estimated: the corresponding IERS product values
were used as reference in the solutions. Antenna thermal
deformations, i.e. the motions of the telescope reference
point due to thermal expansion of the structure of the
antenna, were modeled according to the recent IVS
guidelines [Nothnagel 2008]. The axis off-set of the
telescopes is not estimated, but is fixed to the IVS values.
Both solutions R (no correction of gravitational flexure) and
G (correction of gravitational flexure for the Medicina and
Noto telescopes) were transformed into ITRF2005 by
applying a no-net-rotation and no-net-translation condition
to the I'TRF2005 coordinates of the Wettzell, Ny Alesund,
Madrid, Matera and Onsala stations. Furthermore, the
Wettzell and Onsala velocities were constrained to the
corresponding ITRF2005 values. The a-priori coordinates of
the stations of the sub-network are equal in both the R and
G runs. The no-net-translation condition maintains the
barycenter of the five station sub-network as unaltered, and
it is useful to directly assess the impact of the SPV models
on the coordinates of the Medicina and Noto telescopes, as
these sites are excluded from the no-net-translation
constraint.

Equations (2.1.1) and (2.1.2) model the SPV as a
function of the pointing elevation in primary and secondary
focus radio telescopes, respectively, and must be used in the
data analysis to account for and correct the bias of the VLBI
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Figure 3. Horizontal velocities of the European sites obtained from the G solution and expressed in the corresponding local topocentric frames. The
velocities are relative to the ITRF2005 Eurasian plate motion: the Euler pole location and its rotation rate [Altamimi et al. 2007] have been subtracted from
the estimated velocities to derive relative deformation rates at each site. The corresponding values are in Table 1, columns 9 and 10.

delay induced by gravitational flexure. As shown by Sarti et
al. [2010], it is impossible to discover and correct this bias
using only VLBI observations. Therefore, site-specific SPV
models are strictly necessary for every VLBI telescope, to
ensure unbiased VLBI estimates.

SPV files can be regarded as being analogous to absolute
phase center variation files in GNSS antennas, since both files
model the electronic reference-point motion with respect to
the conventional reference point [Sarti et al. 2009a]. It is very
well known that poor definition of phase center variation
files dramatically impacts upon the accuracy and reliability
of GNSS results.

Nowadays, the only operating telescopes of the IVS
network with SPV models are those of Medicina and Noto.
In particular, the SPV model for the Medicina telescope is
expressed by:
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ALy, = 0.22-e— 0.0012 - ¢* (3.1)
and the SPV model for the Noto telescope is:
ALy, = 0.12 - e — 0.00045 - ¢ (3.2)

where 4L,, and AL, are expressed in (mm) and the
elevation e over the range [0°, 90°]. The SPVs are modeled
by a monotonic second-order function for which the
minimum value is 0 mm in 0° and the maximum values are
ALY (90) = 10.1 mm and ALY (90) = 7.2 mm. Details of
the derivation of Equations (3.1) and (3.2) can be found in
Abbondanza and Sarti [2010].

The lack of SPVs for other telescopes means that at
present routine VLBI solutions do not take into account
gravitational flexure of the antenna structures. Therefore, if
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Eurasian plate adjusted

Site Absolute velocity vectors Azimuth velocity vectors Azimuth rel.
Up East North Horiz. (deg) East rel. Northrel.  Horiz. rel. (deg)
(mm/a) (mm/a) (mm/a) (mm/a) (mm/a) (mm/a) (mm/a)

Badary 75%5.6 253113 -57t1.1 259+t14 102.8 £ 2.2 -1.7%t 1.3 -0.7 £ 1.1 1.8+ 1.4 247.0 £ 2.2
Simeiz 1.7+ 0.3 24.7 £ 0.1 13.2+0.1 28.0 £ 0.1 62.0 £ 0.1 0.2 t0.1 0.9 0.1 0.9 £0.1 15.3 £ 0.1
Madrid 3310.1 18.2 £ 0.1 16.1 £ 0.1 243 £ 0.1 48.5+ 0.1 -0.6 £ 0.1 0.0+ 0.1 0.6 £ 0.1 270.0 £ 0.1
Effelsberg 3.2%0.1 18.2 £ 0.1 158+ 0.1 24.1£0.1 49.0 £ 0.1 0.0 £ 0.1 0.1+0.1 0.1+0.1 5.2%0.1
Matera 0.7 £ 0.1 23.21+0.1 19.2 0.1 30.1 £ 0.1 50.5 0.1 0.8 £ 0.1 4.3 £ 0.1 4.4%0.1 10.8 £ 0.1
Medicina -1.2t0.1 21.7£0.1 179+ 0.1 28.210.1 50.5 0.1 1.1+0.1 2.6 £ 0.1 2.8+ 0.1 22.21+0.1
Metshaovi 3.0+ 1.3 20.11£0.3 13.4+ 0.4 242103 56.21+0.8 1.0+ 0.3 -0.4+0.4 1.1+0.3 113.4 £ 0.8
Noto -0.1£0.1 21.3+ 0.1 19.7 £ 0.1 29.0 £ 0.1 47.1 0.1 -1.5t0.1 4.7 £ 0.1 5.0%0.1 341.8 £ 0.1
Ny Alesund 7.6 £0.1 9.9 +0.1 142+ 0.1 17.3 £ 0.1 349+ 0.1 0.4+0.1 -1.1+0.1 1.2+0.1 160.6 = 0.1
Onsala 3.7%0.1 16.9 £ 0.1 14.7 £ 0.1 22.310.1 49.0 £ 0.1 -0.4 0.1 -0.6 £ 0.1 0.7 £ 0.1 209.3 £ 0.1
Svetloe 1.1+0.7 20.2+0.2 12.8 £ 0.2 23.91+0.2 57.6 £ 0.1 0.1+0.2 -0.21+0.2 0.31t0.2 151.7 £ 0.1
Wettzell 0.4 t0.1 19.9 £ 0.1 15,5+ 0.1 25.21+0.1 52.1+0.1 0.1 £0.1 0.3 £0.1 0.3 £0.1 17.7 £ 0.1
Yebes 3.41 0.1 18.8 £ 0.1 16.6 = 0.1 25.110.1 48.5+ 0.1 -0.2t0.1 0.5+ 0.1 0.5+ 0.1 343.6 £ 0.1
Zelenchukskaya 14.1+25 25.21+0.5 10.5 £ 0.5 27.3+0.5 67.5+ 1.0 -0.5t0.5 -0.4+0.5 0.6 £ 1.0 231.0 £ 1.0

Table 1. Velocities of the European stations expressed in the topocentric frame at each site. Columns 3 and 4: components of the absolute horizontal

velocity vector, for which the magnitude is in column 5 and the direction in column 6. Columns 7-10: analogous to previous quantities but with the rigid

rotation of the Eurasian plate subtracted. Column 2 and columns 9 and 10: data used in Figures 4 and 3, respectively.

this flexure is present, elevation-dependent signal-path delay
bias induced by gravity cannot be removed. This is the case
for the official IVS solution supplied to the IERS combination
centers for the computation of the I'TRF [see e.g. Bockmann
et al. 2010a].

We compute a routine solution, R, where gravitational
flexures are disregarded, according to the usual processing
policy of the IVS. Another solution G is computed, which
introduces the SPV models for the Noto and Medicina
telescopes as expressed by Equations (3.1) and (3.2).

4. Results

A comparison between the estimated local geodetic
coordinates derived by EUROPE-VLBI sessions in solutions
R and G shows no variations for all stations of the European
network except for the Medicina and Noto up component. In
particular, the upward shift that originates from the use of
SPV models is 8.8 mm for Medicina and 7.2 mm for Noto.
This confirms the behavior that was first described by Sarti
et al. [2010], who processed the whole dataset of geodetic
VLBI observations: in that case, the application of SPV
models to the Medicina and Noto stations resulted in an
upward shift of 8.9 mm and 6.7 mm.

In terms of velocities, solutions R and G do not show
any significant difference and SPV models impact on solution
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G, removing from the station height the almost constant bias
due to gravitational flexures.

Horizontal velocities of the European VLBI sites are
shown in Figure 3. For the benefit of clarity, Badary is not
shown in Figure 3, as the longitude of this site is very
different from those of the other stations.

The ITRF2005 Euler pole of the Eurasian plate
[Altamimi et al. 2007] was subtracted from the estimated
absolute local velocities, to derive information on the
regional kinematic field. Horizontal relative velocities are
expressed in the local geodetic frames, and the corresponding
values are reported in Table 1, columns 9 and 10.

The horizontal motions of almost all of the sites are
well within 1.5 mm/a, with all central European sites
showing relative velocities of a few tenths of a mm/a (Table
1, column 9). Exceptions are seen for the Italian VLBI sites,
the relative velocities of which are between 2.5 and 5.0
mm/a. Medicina and Matera move towards the NNE at 2.8
mm/a and 4.4 mm/a, respectively. The Noto station shows
a 5.0 mm/a NNW motion with respect to the Eurasian plate.

Vertical velocities are shown in Figure 4 and the
corresponding values are reported in Table 1, column 2. As
previously stated, the R and G solutions are totally consistent
in terms of estimated velocities, and the values in Table 1 can
be regarded as referred to either solution R or G.
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Figure 4. Local vertical velocities of the European VLBI sites (Table 1, column 2).

The uplift rates of Ny Alesund in the Svalbard Islands,
Badary and Zelenchukskaya (Russia) are almost twice the
magnitude of those of the other stations. The Russian
antennas have a rather short observation history, and their
uplift rates still need to be confirmed by further
observations. Conversely, the high uplift rate of Ny Alesund
(7.6 mm/a) is more than double the uplift of the other
European sites, and it has been well determined from
observations that have covered more than 16 years. It
confirms the uplift rates due to the process of post-glacial
rebound that is currently occurring in the area [see e.g.
Kierulf et al. 2009]. The other stations in the Scandinavian
area are Metsdhovi (Finland), Svetloe (Russia) and Onsala
(Sweden), and they are located in a region that is undergoing
uplift due to glacial isostatic adjustment. In particular,
Lidberg et al. [2010] determined a 3-D velocity field from a
dataset of almost 10 years (up to early November 2006) of
continuous observations carried out with a dense GPS
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network in Fennoscandia. It is worth highlighting that VLBI
observations do not span the same time range. Observations
in Svetloe and Metsdhovi started in 2003 and 2004 and cover
seven and six years, respectively. Onsala has been part of the
EUROPE-VLBI sessions since 1990 and its observations span
a 20-year period (see Figure 2). GPS-derived uplift rates
[Lidberg et al. 2010] are larger than those derived by VLBI,
and they differ by 2.2 mm/a at Metsdhovi, 2.0 mm/a at
Svetloe, and 0.3 mm/a at Onsala.

Medicina is the only European site that shows a small,
although significant, negative linear trend of -1.2 mm/a over
the period 1990-2009. When compared to previous
determinations [see e.g. Bitelli et al. 2005], the velocity
appears to have diminished. A decrease in the subsidence rate
at Medicina is confirmed by gravity and GPS observations,
and it is apparently related to fluctuations in local
hydrological conditions associated with climate variations
[Zerbini et al. 2010].
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BASELINE Length St.dev. Velocity St.dev. G-R # sess
(mm) (mm) (mm/a) (mm/a) (mm)

Effe]sberg/Madrid 1414346831.7 0.6 1.1 0.1 - 14
Effelsberg/Matera 1333777522.4 0.5 -2.8 0.0 - 16
Effelsberg/ Medicina 757049139.8 04 -1.6 0.0 0.5 22
Effelsberg/Noto 1644303648.2 0.4 —4.4 0.0 0.9 16
Effelsberg/Ny Alesund 3140166753.5 05 15 0.1 - 20
Effelsberg/Onsala 832210490.8 0.4 -0.4 0.0 - 22
Effe]sberg/Simejz 2129562246.7 0.7 0.6 0.1 - 12
Effelsberg/ W ettzell 457481743.9 0.3 0.1 0.0 - 26
Madrid/ Matera 1765812157.3 0.6 15 0.1 - 42
Madrid/Medicina 1378852932.1 0.5 24 0.0 0.9 45
Madrid/Noto 1711832875.6 04 2.0 0.0 1.0 37
Madrid/ Ny Alesund 4264145228.7 0.6 2.8 0.0 - 79
Madrid/ Onsala 2205023118.9 0.6 0.7 0.1 - 49
Madrid/ W ettzell 1655418199.9 0.5 1.1 0.0 - 50
Madrid/Yebes 99135252.1 0.5 0.6 0.0 - 8
Matera/Medicina 597262269.0 0.4 -1.6 0.0 0.4 57
Matera/Noto 444532989.3 0.4 0.4 0.0 0.2 49
Matera/Ny Alesund 4190331410.9 0.5 2.4 0.0 - 39
Matera/Onsala 1886809253.3 0.4 —4.0 0.0 - 55
Matera/ W ettzell 990053311.1 0.4 3.6 0.0 - 62
Matera/Yebes 1667614549.4 0.5 1.0 0.0 - 14
Medicina/Metsahovi 1935196007.7 0.9 2.4 0.4 14 13
Medicina/Noto 893724168.7 0.3 -3.0 0.0 1.1 57
Medicina/ Ny Alesund 3776620894.3 0.3 -1.7 0.0 2.6 56
Medicina/Onsala 1429470341.8 0.3 -3.0 0.0 1.0 72
Medicina/Svetloe 2139526939.2 0.7 2.9 0.2 1.5 15
Medicina/ Wettzell 522461078.3 0.2 3.0 0.0 0.4 79
Medicina/Yebes 1285368221.6 04 10.8 0.0 0.9 16
Medicina/ Zelenchuksk. 2367843373.5 14 6.6 0.6 1.7 9
Metsihovi/ Noto 26609642123 1.0 7.3 0.4 1.5 14
Metsihovi/Ny Alesund 2122206903.1 1.1 7.8 0.4 - 14
Metsihovi/ Onsala 784071663.5 0.8 4.3 0.3 - 13
Metsihovi/ Svetloe 299235376.0 0.9 32 0.4 - 8
Metsihovi/ W ettzell 1431538678.0 0.8 35 0.4 - 18
Metsihovi/ Zelenchuksk. 2150789456.0 1.6 10.9 0.7 - 6
NOtO/Ny Alesund 4580537548.5 0.5 12.1 0.1 2.6 50
Noto/Onsala 2280154795.5 0.4 6.6 0.0 1.2 62
Noto/Svetloe 2808545447.1 0.8 10.2 0.2 1.6 10
Noto/W ettzell 1371100965.9 0.3 5.6 0.0 0.7 69
Noto/Yebes 1616522896.0 0.5 10.0 0.0 0.9 15
Noto/Zelenchukskaya 2359618069.2 1.4 45 0.7 13 8
Ny Alesund/Onsala 2387493150.8 03 7.3 0.0 - 60
Ny Alesund/Svetloe 2133123005.0 0.7 7.8 0.2 - 17
Ny Alesund/ W ettzell 3283002125.3 0.2 9.8 0.0 - 66
Ny Alesund/Yebes 4246452742.1 0.7 14.7 0.0 - 15
Ny Alesund/Zelenchuksk. | 4043126024.4 1.8 15.4 0.9 - 9
Onsala/Svetloe 1079812940.5 0.6 7.0 0.2 - 14
Onsala/ W ettzell 919660985.5 0.3 32 0.0 - 85
Onsala/Yebes 2153592386.9 0.5 8.9 0.0 - 17
Onsala/Zelenchukskaya 2537588030.6 14 9.1 0.6 - 8
Simeiz/Madrid 3117042125.0 0.9 1.9 0.1 - 17
Simeiz/Matera 1472857706.7 0.6 -1.7 0.1 - 22
Simeiz/Medicina 1766185783.9 0.6 -1.2 0.1 12 32
Simeiz/Metsihovi 1866587991.7 1.1 0.9 0.4 - 12
Simeiz/Noto 1798600353.3 0.6 0.6 0.1 1.0 32
Simeiz/Ny Alesund 3896968734.9 1.0 0.9 0.1 - 34
Simeiz/ Onsala 2093576822.6 0.7 0.3 0.1 - 34
Simeiz/Svetloe 1810877604.5 0.9 0.7 0.2 - 8
Simeiz/ W ettzell 1684604515.5 0.6 0.1 0.1 B 39
Simeiz/Yebes 3023893871.0 0.9 1.3 0.1 - 7
Simeiz/ Zelenchukskaya 610832160.4 12 0.2 0.5 - 8
Svetloe/ Wettzell 1654774847.5 0.6 6.6 0.2 - 18
Svetloe/ Zelenchukskaya 2014661043.3 14 14.0 0.6 - 6
Wettzell/ Yebes 1575653113.4 0.4 9.8 0.0 - 17
Wettzell/ Zelenchukskaya | 2255828960.2 1.3 8.1 0.6 - 11

Table 2. Baselines formed by the European IVS stations observed in more than five sessions (column 7). Baseline lengths (at epoch 01.01.2009) and their
standard deviations, obtained from solution G, are shown in columns 2 and 3. The rates of change of baselines lengths and their standard deviations are shown
in columns 4 and 5. Column 6 contains the differences between the baselines lengths estimated using (G solution) and not using (R solution) SPV models. Zero
differences are not reported. It is evident that introducing SPV models uniquely affects the baselines formed by stations being corrected for gravitational flexure.
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The modeling of gravitational flexure has a
straightforward effect on the heights of the stations being
corrected. Therefore, it reflects on the length component of
all of the baselines involving telescopes where the
deformations are modeled with an SPV. Table 2 lists the most
significant baselines of the European VLBI network at epoch
01.01.2009. Table 2, column 4, shows their rates of change
and Table 2, column 6, shows the baseline length variations
obtained with solutions R and G. Their estimates vary
uniquely if a SPV model is associated with one or both
telescopes that form the baseline endpoints.

Conclusions

VLBI is a well-established space geodetic technique with
over 30 years of continuous and precise observation records.
Since 1990, dedicated VLBI measurements have been
regularly carried out for monitoring the crustal kinematics
in the European area with a sub-network of the permanent
IVS network. The dataset is consistent and covers a longer
time span than any other space geodetic technique.

Almost all Eurasian VLBI sites show a very high
horizontal stability, with their horizontal velocities in the
order of 1 mm/a or less. Exceptions are represented by three
Italian VLBI sites, at Matera, Medicina and Noto, with the
last here being part of the African plate. Noto shows a
velocity of 5.0 mm/a towards the NNW, which represents
the highest value with respect to the ITRF2005 Eurasian
Euler pole. For the vertical rates, Medicina is the only station
that shows a statistically significant downward motion (—1.2
+0.1 mm/a). The Russian stations of Badary and
Zelenchukskaya show a high uplift rate, the values of which
need to be confirmed due to their short observation span.
The Fennoscandian sites confirm the uplift rate related to
post glacial rebound, although the VLBI rates are smaller
than those derived in other studies using GPS.

Observation bias introduced by gravitational flexure of
VLBI radio telescopes is not easy to mitigate, since this
requires a complete and precise SPV model to account for
the dependency of the radio signal phase on the elevation.
The SPV model strictly depends on the design of the radio
telescope. It can be defined by relying on ad-hoc terrestrial
surveys and finite element models. When gravity-induced,
elevation-dependent phase shifts are disregarded, the
estimated height component of the antenna reference point
can undergo unpredictably large bias. This reflects on the
baselines lengths and the scale of the network.

For the specific cases of the Medicina and Noto
telescopes, we show that in the analysis of purely European
VLBI sessions, the upward shift of the height component is
determined as 8.8 mm and 7.2 mm, respectively. This bias
systematically affects the position of the antenna reference
point, although it does not affect the velocity estimates. This
confirms that geodetic VLBI can be used to determine the
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intra-plate and the global kinematics, and these latter are not
corrupted by the possible presence of gravitational flexure
of radio telescopes.

The VLBI technique is confirmed as a reliable tool for
studying the motion of the Earth crust over long time
periods. Nevertheless, our results confirm the findings of
Sarti et al. [2010], and they highlight the tight link between
gravitational flexure and height component bias. Therefore,
VLBI-derived absolute heights can be questioned in the
absence of SPV models, and their use requires awareness and
special care.

This limitation can be overcome by carrying out site-
specific surveys that are aimed at defining the SPV models
for each VLBI telescope and by implementing these latter in
routine VLBI data analysis. These are mandatory tasks for
the short-term activity plan of the IVS, which must focus on
this matter, and they comprise specific actions that are
directed at mitigating gravitational flexure bias and
improving the accuracy of the position and scale derived
from VLBI.
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